Long-term potentiation (LTP) of AMPA receptor-mediated synaptic transmission at hippocampal CA1 synapses has been extensively studied, but the mechanisms responsible for its expression remain unresolved. We tested a hypothesis that there are multiple, developmentally regulated expression mechanisms by directly comparing LTP in hippocampal slices obtained from rats of two ages. At postnatal day 12 (P12), LTP was fully accounted for by an increase in potency (mean amplitude of responses excluding failures). This was associated with either an increase in AMPA receptor single-channel conductance (␥) or no change in ␥, suggesting an increase in the number of AMPA receptors. At P6, LTP was explained by an additional two mechanisms. In the majority of neurons, LTP was associated with an increase in success rate and a decrease in paired-pulse facilitation. In the remaining neurons, LTP was attributable to an increase in potency. However, in contrast to P12 neurons, the potency increase was associated with a decrease in ␥, suggesting the insertion of receptors with lower ␥. We conclude that there are multiple expression mechanisms for LTP at CA1 synapses that are developmentally regulated. These findings suggest that a single class of synapse uses a number of different molecular mechanisms to produce long-term changes in synaptic strength.
Introduction
Long-term potentiation (LTP) has been the subject of intense investigation because it provides a convenient experimental system for investigating synaptic mechanisms that are likely to be involved in learning and memory (Bliss and Collingridge, 1993) . The most extensively studied form of LTP is that exhibited by synapses between CA3 and CA1 pyramidal neurons in the hippocampus. Here it has been established that LTP is induced by the transient synaptic activation of NMDA receptors. However, the actual change that sustains the enhancement of AMPA receptor-mediated synaptic transmission has been the subject of intense debate (Bliss and Collingridge, 1993; Malinow, 1994; Kullmann and Siegelbaum, 1995; Malenka and Nicoll, 1999) . There is evidence for a postsynaptic change that is likely to be an increase in the number of synaptic AMPA receptors ( N) (Shi et al., 1999; Hayashi et al., 2000; Lu et al., 2001; Pickard et al., 2001) or an increase in their single-channel conductance (␥) Poncer et al., 2002) . However, there is also evidence that LTP can be expressed as a presynaptic increase in L-glutamate release, which could result from an enhancement in the probability of release (P r ) (Stevens and Wang, 1994; Bolshakov and Siegelbaum, 1995) or in the amount of L-glutamate released from vesicles as a result of an alteration in fusion pore kinetics (Choi et al., 2000; Renger et al., 2001 ).
In the hippocampus, both P r (Hessler et al., 1993; Rosenmund et al., 1993; Allen and Stevens, 1994) and N (Nusser et al., 1998; Petralia et al., 1999; Takumi et al., 1999) are highly variable between synapses. The differences are amplified during development, because synaptic maturation is associated with changes in vesicle pool size (Renger et al., 2001; Mozhayeve et al., 2002) and AMPA receptor number (Durand et al., 1996; Liao and Malinow 1996; Nusser et al., 1998; Liao et al., 1999; Petralia et al., 1999; Pickard et al., 2000; Zhu et al., 2000) . It is therefore possible that there are multiple expression mechanisms for LTP that depend on the developmental stage of the synapse and that contribute to synapse maturation.
In a previous investigation , we found two expression mechanisms for LTP at CA1 synapses in slices from postnatal day 13 (P13) to P15 (termed P14) rats: an increase in ␥ and, most likely, an increase in N. To test the hypothesis that two developmentally regulated expression mechanisms overlap at this age, we studied LTP at an earlier stage of development, P6. To our surprise, we observed two different expression mechanisms for LTP. The first can be explained by either an increase in P r or an increase in the number of functional release sites (n), the new sites having a higher P r than the existing sites. The second is most readily explained by the postsynaptic insertion of AMPA receptors that have, paradoxically, lower ␥. These results reveal a hitherto unexpected diversity in the mechanisms that are used to express LTP at a single class of synapse.
Materials and Methods
Transverse hippocampal slices were obtained from 5-to 7-d-old (P6) and 11-to 13-d-old (P12) rats and perfused with extracellular medium com-prising the following (in mM): 124 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 1 MgSO 4 , 26 NaHCO 3 , 2 CaCl 2 , 15 glucose, 2 ascorbic acid, and 0.05 picrotoxin (saturated with 95% O 2 -5% CO 2 at room temperature). Whole-cell voltage-clamp recordings from the soma or proximal apical dendrites of CA1 pyramidal cells were made under visual control using infrared illumination and differential interference contrast optics (Stuart et al., 1993; Benke et al., 1998) . Whole-cell electrodes (6 -10 M⍀) were filled with a solution containing the following (in mM): 130 Cs methane sulfonate, 10 HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 5 QX-314, and 8 NaCl, pH 7.25 (285 mOsm). Schaffer collateral-commissural fibers were stimulated using a fine insulated platinum monopolar or bipolar electrode positioned under visual control 30 -60 m from the recording site. EPSCs were evoked by delivering a pair of stimuli (70 msec interval) at a frequency of 0.5 Hz. The stimulus intensity was set so as to evoke a mixture of successes and failures of synaptic transmission. Baseline recordings were made at a holding potential of Ϫ70 mV; LTP was induced by depolarizing to 0 mV for 40 stimuli at baseline frequency and stimulus intensity. Baseline periods were restricted to 100 trials to reduce the problem of washout of LTP induction mechanisms, which is particularly rapid with whole-cell dendritic recordings. Only recordings with stable baseline responses were used (Xiao et al., 2004) ; pairing resulted in LTP in ϳ50% of experiments. Recordings were made using an Axopatch 1-D (Axon Instruments, Foster City, CA), and data were filtered at 5 kHz, digitized at 10 kHz, and stored on computer using the LTP program .
EPSC amplitude and estimated series resistance were displayed online. Series resistance was remeasured off-line by fitting the mean wholecell capacitance transient, evoked by a Ϫ1 mV step before each stimulus pair, with a double-exponential function and extrapolating to the peak of the current. Whole-cell capacitance was also calculated from the doubleexponential fit [C ϭ (c 1 1 ϩ c 2 2 )/⌬V]. Input resistance was obtained from the steady-state current at the end of the voltage step. EPSC amplitude was measured by averaging the current over two 3 msec time windows, one immediately before the stimulus artifact and the other positioned at the peak of the response. Failures were visually identified. Mean EPSC amplitude was calculated by averaging all successes and failures, and potency was measured by averaging successes only. The paired-pulse ratio (PPR) was determined by delivering two stimuli of identical strength with an interpulse interval of 70 msec. This interval was used to allow time for the first EPSC of the pair to decay sufficiently to enable nonstationary fluctuation analysis to be performed. PPR was calculated as mean EPSC amplitude (second pulse; EPSC 2 )/mean EPSC amplitude (first pulse; EPSC 1 ). Changes in success rate (SR) and potency were modeled using a simple Poisson distribution: potency ratio (EPSC 2 /EPSC 1 ) ϭ
, where SR 1 and SR 2 are the success rates of EPSC 1 and EPSC 2 , respectively. The rise and decay phases of mean EPSCs were fit by single-exponential functions, and EPSC kinetics are expressed as the time constants of these fits. Peak-scaled nonstationary fluctuation analysis of EPSCs (Robinson et al., 1991; Traynelis et al., 1993) was performed as described previously . Synaptic currents were aligned at their point of maximum rise and averaged. The average response waveform was scaled to the peak of each individual response, and the variance of the fluctuation of the decay around the mean was calculated. The variance was divided into bins of equal current decrement and averaged for all responses and was plotted against mean current amplitude of the EPSC decay. The single-channel current was then estimated by fitting the data to the following: 2 ϭ iI Ϫ I 2 /N ϩ b 1 , where 2 is the variance, I is the mean current, N is the number of channels activated at the peak, i is the single-channel current, and b 1 is the background variance (Sigworth, 1980) . The single-channel conductance (␥) is then ␥ ϭ i/V, where V is the driving force (holding potential Ϫ assumed reversal potential of 0 mV). To obtain the most accurate estimate for ␥, different portions of the data were fitted, and the goodness-of-fit was assessed using a least-squares algorithm and by eye . Within a given experiment, when comparing experimental manipulations, the same fraction of the data were always used for the fit. All values are expressed as mean Ϯ SEM.
Statistical significance was assessed using two-tailed paired or unpaired Student's t tests as appropriate ( p Ͻ 0.05 considered significant).
Results

A comparison of LTP at P6 and P12
The primary aim of the study was to investigate the mechanisms of expression of pairing-induced LTP in P6 neurons. However, we interleaved some experiments from P12 neurons, the results of which were very similar to a larger data set (of P14 neurons) published previously . Whole-cell voltageclamp recordings were performed from the proximal apical dendrites, or the soma for some P6 neurons, of CA1 pyramidal cells, and EPSCs were evoked by local minimal stimulation (Fig. 1a,b) . Analysis of P12 neurons showed that LTP (223 Ϯ 21%; n ϭ 9) was fully accounted for by an increase in potency (mean amplitude of responses excluding failures; 216 Ϯ 18%) (Fig. 1c) , and there was little change in success rate (1 Ϫ failure rate; 104 Ϯ 5%) (Fig. 1e) . Indeed, potency and amplitude changes were strongly correlated ( Fig. 1c) . In contrast, analysis of P6 neurons showed that LTP (234 Ϯ 15%; n ϭ 40) was associated with changes in potency alone, success rate alone, or both parameters (Fig. 1d,f ) . On average, potency was increased to 155 Ϯ 8%, and success rate was increased to 164 Ϯ 14% (n ϭ 40). LTP was not associated with a change in the kinetics of EPSCs at either P6 or P12 (Fig. 1g,h ).
Changes in paired-pulse facilitation with LTP
In all experiments, two pulses (70 msec interval) were delivered per trial to determine whether the PPR was altered during LTP. P6 neurons exhibited a large range of baseline PPR values (0.67-3.83; mean, 1.79 Ϯ 0.10; n ϭ 40) ( Fig. 2a) and, on average, showed a decrease in PPR after LTP induction (to 1.22 Ϯ 0.04; p Ͻ 0.001) (Fig. 2d) . However, there was a large degree of variation between neurons in the effect of LTP on PPR. The amount of change in PPR was found to be strongly correlated with the baseline PPR value, such that the higher the baseline value, the greater the reduction in PPR with LTP (r ϭ Ϫ0.91; n ϭ 40; p Ͻ 0.001; slope of Ϫ0.90) (Fig. 2b) . PPR was stable in P6 cells that did not express LTP (baseline, 1.73 Ϯ 0.14; after pairing, 1.75 Ϯ 0.19; n ϭ 19) (Fig. 2d ). P12 neurons, in contrast, had a smaller range of baseline PPR values (0.94 -1.68; mean, 1.41 Ϯ 0.07; n ϭ 9), which showed little change with LTP (1.27 Ϯ 0.09) (Fig. 2c) . Interestingly, after the induction of LTP, the mean PPR value was very similar between the P6 and P12 groups of neurons (Fig. 2d ).
Axon conduction failures do not contribute significantly to success rate
The use of paired-pulse stimulation allowed us to determine whether our observed success rates accurately reflected the probability of L-glutamate release in response to an invading action potential or whether there was a contribution from axon conduction failures. This can be determined by comparing the mean second pulse response to the paired-pulse stimulation after either first pulse failures or first pulse successes (Fig. 2e) . If a significant number of first pulse failures result from conduction failures, the average amount of paired-pulse facilitation after first pulse failures would be less than that after first pulse successes (Stevens and Wang, 1995; Isaac et al., 1996) . For both the P6 and P12 neurons, second pulse success rate was not significantly greater after first pulse successes than first pulse failures (Fig. 2f ) , indicating that axon conduction failures do not contribute to the variability of the synaptic response in our experiments.
Changes in potency and success rate with LTP at P6
The expression of LTP at P12 by an increase in potency, with little change in success rate or PPR, is consistent with previous reports of a postsynaptic locus at this age (i.e., increase in N or ␥). However, the changes in success rate and PPR associated with LTP in many P6 neurons suggest that another mechanism contributes to LTP expression earlier in development. To investigate this mechanism further, it was necessary to distinguish those P6 neurons expressing LTP by a change in success rate from those expressing LTP by a change in potency. However, this process is complicated by the fact that an increase in success rate will cause an increase in potency when multiple synapses are being activated. The influence of this effect varies considerably between recordings, depending on the quantal content of the responses [product of the number of release sites (n) and their P r ]. To determine the effect of an increase in success rate on potency in each neuron, the baseline paired-pulse success rate ratio and baseline paired-pulse potency ratio were calculated (Fig. 3a,b) . The baseline success rate ratio (second pulse/first pulse; range, 0.81-3.20) (Fig. 3c ) reflects an increase in P r attributable to paired-pulse facilitation (Zucker, 1989) , which will depend on the initial P r of the release site(s) being activated (Dobrunz and Stevens, 1997) . If only one release site is activated, the baseline potency ratio (second pulse/ first pulse) will be 1, but when more than one release site contributes to the EPSC, the second pulse increase in P r will cause the potency ratio to increase (range, 0.81-2.19) (Fig. 3c) (Stevens and Wang, 1995) . For each P6 recording, the increase in potency resulting from the paired-pulse increase in success rate was obtained from the baseline paired-pulse potency and success rate ratios. These were then compared with the potency and success rate changes with LTP to estimate whether the increase in potency with LTP could be solely accounted for by the change in success rate or whether an additional mechanism was required to account for it. The neurons fell into two groups. In one group (n ϭ 17), the potency increase with LTP (1.92 Ϯ 0.09) was much greater than the baseline paired-pulse potency ratio (1.21 Ϯ 0.05), whereas the success rate change with LTP (1.14 Ϯ 0.08) was , and P12 experiments (squares). e, Mean EPSCs for the baseline period of a P6 experiment subdivided into first pulse successes and first pulse failures and the mean second pulse EPSCs superimposed. f, Second pulse success rate after first pulse successes versus second pulse success rate after first pulse failures for the baseline period of P6 (circles) and P12 (squares) experiments. Because second pulse success rate was similar after successes and failures, axon conduction failures are unlikely to contribute significantly to synaptic failures. similar to or less than the baseline paired-pulse success rate ratio (1.29 Ϯ 0.07). The potency increase with LTP in these cells therefore could not be explained by the increase in success rate. Consistent with this, the predicted potency increase for the LTP success rate changes in these cells, using a Poisson release model that assumes multiple release sites of low P r (Stevens and Wang, 1995; Isaac et al., 1996 Isaac et al., , 1998 , was 1.10 Ϯ 0.06, significantly less than the observed potency increase ( p Ͻ 0.01; n ϭ 17). In the remaining neurons (n ϭ 23), the increase in success rate with LTP (2.01 Ϯ 0.20) was generally larger than the increase in potency with LTP (1.28 Ϯ 0.08). Indeed, the potency increase could be accounted for by the increase in success rate, as demonstrated by its similarity to the value of 1.26 Ϯ 0.07 (n ϭ 23) predicted for these cells with a Poisson release model. It is therefore likely that the potency increase with LTP in this group of cells is attributable solely to an increase in quantal content.
To summarize, we found that the potency increase with LTP in 23 cells (128 Ϯ 8%) could be fully accounted for by the increase in success rate (201 Ϯ 20%). LTP in these cells can therefore be explained by an increase in quantal content alone. The cells will be referred to as group P6(a) (Fig. 3d , open circles; pooled data are shown in Fig. 4a ). In the other 17 cells, the potency increase was greater than expected from the change in success rate. In 14 of these cells, the change in success rate was small (range, 67-126%; mean, 100 Ϯ 4%), and the LTP was predominantly mediated by an increase in potency (193 Ϯ 11%). These changes are similar to those seen at P12 and are consistent with a change in quantal amplitude alone. The cells will be referred to as group P6(b) (Fig.   3d , filled circles; pooled data are shown in Fig. 4e ). In the remaining three cells, there was both an increase in success rate (178 Ϯ 8%) and an increase in potency (191 Ϯ 19%), which was greater than could be accounted for by the success rate change alone [the cells will be referred to as P6(a/b)] (Fig. 3d, triangles) .
Changes in quantal content with LTP in P6(a) neurons
The potency and success rate changes associated with LTP in P6(a) neurons are consistent with an expression mechanism involving an increase in quantal content alone. Quantal content changes can be attributable to alterations in either P r or n. To investigate which of these parameters changes in P6(a) neurons, we examined the paired-pulse ratio before and after LTP induction. Examples and summary data for LTP and PPR in P6 neurons are shown in Figure 4 [a-d, P6(a) ; e-h, P6(b)]. We observed that P6(a) neurons had a significantly higher baseline pairedpulse ratio (1.96 Ϯ 0.15; n ϭ 23) than P6(b) neurons (1.44 Ϯ 0.04; n ϭ 14; p Ͻ 0.05) (Fig. 5a,b) , indicating a lower baseline P r . Furthermore, LTP in P6(a) neurons was associated with a significantly larger reduction in PPR (Ϫ0.76 Ϯ 0.15; n ϭ 23) than LTP in P6(b) neurons (Ϫ0.20 Ϯ 0.08; n ϭ 14; p Ͻ 0.01) (Figs. 4b,f,  5a,b) . The large reduction in PPR in P6(a) neurons is consistent with an increase in P r with LTP. It is also consistent with an increase in n, provided that the new sites have a higher P r than the existing functional ones. In either case, P6(a) neurons clearly exhibited a different LTP expression mechanism to P6(b) or P12 neurons.
Additional analysis compared the magnitude of the changes in success rate and potency during paired-pulse facilitation with those during LTP. It was found that the P6(a) neurons showed a significant correlation between baseline paired-pulse success rate ratio and the increase in success rate with LTP (r ϭ 0.75; n ϭ 23; p Ͻ 0.001; slope of 1.19) (Fig. 5c ). In addition, there was a significant correlation between baseline paired-pulse potency ratio and the potency increase with LTP (r ϭ 0.80; n ϭ 23; p Ͻ 0.001; slope of 0.92) (Fig. 5d) . In contrast, no significant correlation was found between these parameters for P6(b) neurons (data not shown). These data suggest that the magnitude of the success rate increase with LTP is inversely related to the initial P r of the release sites and provide evidence for an increase in P r as the expression mechanism of P6(a) LTP.
LTP at putative single release sites in P6(a) neurons
In a subset of P6(a) neurons, the baseline paired-pulse potency ratio was ϳ1 (range, 0.96 -1.03; mean, 0.99 Ϯ 0.01; n ϭ 8). These neurons had a mean baseline success rate of 26 Ϯ 7% and a baseline paired-pulse success rate ratio of 1.91 Ϯ 0.24, resulting in substantial paired-pulse facilitation (PPR of 1.92 Ϯ 0.06; n ϭ 8). According to modeling using either binominal (two-release site; p Ͻ 0.01) or Poisson ( p Ͻ 0.01) statistics, these recordings appear to involve a single release site (Stevens and Wang, 1995) . LTP in this subset of putative single release site P6(a) experiments was associated with a large increase in success rate (246 Ϯ 47%) but no significant change in potency (107 Ϯ 5%; n ϭ 8) (Fig.  5e,f ) . This lack of change in potency with LTP is more readily explained by an increase in P r rather than by an increase in n. This is further supported by the finding that the paired-pulse potency ratio was unchanged at ϳ1 after LTP induction (range, 0.84 -1.07; mean, 0.98 Ϯ 0.03; n ϭ 8), consistent with the generation of responses by a single release site after LTP induction.
EPSC kinetics and passive properties at P6 and P12
Given the marked differences in the expression of LTP between P6(a) and P6(b) neurons, we examined several basic parameters in these groups and the P12 neurons. Compared with P12 neurons, P6 neurons had lower whole-cell capacitance ( p Ͻ 0.001) (Fig. 6a ) and higher input resistance (R IN ; p Ͻ 0.001) (Fig. 6b) , consistent with younger animals having smaller neurons with less complex dendritic aborizations. EPSCs at P6 had faster kinetics (rise and decay time constants) than at P12 ( p Ͻ 0.05) (Fig. 6c) . (Fig. 6e) . At P6, EPSC decay was found to be linearly correlated with whole-cell capacitance (r ϭ 0.83; n ϭ 40; p Ͻ 0.001) (Fig. 6f ) . The large variation in whole-cell capacitance of P6 neurons (Fig. 6f ) suggests a heterogeneity in maturation at this age. The results are consistent with P6(a) neurons being smaller and less mature than P6(b) neurons and therefore suggest a developmental regulation in the expression mechanisms of LTP.
Evidence for the rapid insertion of AMPA receptors with a lower ␥ In a subset of neurons at P6 and P12, the series resistance of the dendritic recording was low enough to permit ␥ to be estimated by the application of peak-scaled nonstationary fluctuation analysis (Benke et al., , 2001 (Fig. 7) . LTP at P12 (potency change, 202 Ϯ 13%) was either associated with an increase in ␥ (between 132 and 206%; n ϭ 3) (Fig. 7d) or no change in ␥ (n ϭ 2) (Fig. 7d) , as reported previously for a larger data set of P14 neurons . In contrast, in no P6 neuron did ␥ increase during LTP. Indeed, on average, ␥ was reduced to 88 Ϯ 4% of control (n ϭ 10; p Ͻ 0.05). However, when these P6 neurons were subdivided into P6(a) and P6(b) groups, it was found that the P6(a) neurons showed no significant change in ␥ (98 Ϯ 1%; n ϭ 5) (Fig. 7a,c,e) . Unexpectedly, the P6(b) neurons all showed a small decrease in ␥ with LTP (77 Ϯ 3% of control; n ϭ , and P12 neurons (squares; n ϭ 9). c, LTP success rate change versus baseline paired-pulse success rate ratio for P6(a) experiments. These parameters were significantly correlated (r ϭ 0.75; n ϭ 23; p Ͻ 0.001; slope of 1.19). d, LTP potency change versus baseline paired-pulse potency ratio for P6(a) experiments. These parameters were significantly correlated (r ϭ 0.80; n ϭ 23; p Ͻ 0.001; slope of 0.92). e, LTP success rate change versus EPSC amplitude change for putative single release site P6(a) recordings. f, LTP potency change versus EPSC amplitude change for putative single release site P6(a) recordings.
5; p Ͻ 0.05) (Fig. 7b,c,e) despite an increase in potency to 184 Ϯ 14% (Fig. 7f ) .
Discussion
In the present study, we observed several different forms of LTP at CA1 synapses that are developmentally regulated. The results at P12 are consistent with our previous study at P14 , which identified two forms of LTP that we termed LTP␥ and LTP N . At P6, LTP is accounted for by two different mechanisms. One form, termed LTP P , is associated with a pronounced increase in success rate and decrease in paired-pulse facilitation. The other form is associated with an increase in potency and resembles LTP N but paradoxically is accompanied by a decrease in ␥.
The possible molecular changes underlying these forms of LTP can be divided into postsynaptic modifications of AMPA receptor properties [increase in N, opening probability (P o ), or ␥], postsynaptic changes downstream of AMPA receptors (e.g., in passive membrane properties), an increase in the number of functional release sites (n), and presynaptic changes in P r or in the amount or rate of L-glutamate released from vesicles. A change in the mean open time of AMPA receptor channels can be discounted because it would result in a pronounced slowing of the EPSC (Benke et al., 2001 ), which was not observed in this study. Structural changes, e.g., growth of spines (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999) , are unlikely to occur over the time span investigated here.
Molecular basis of LTP P
A striking finding of the present study was the subset of P6 neurons in which LTP was associated with a marked increase in success rate and decrease in paired-pulse facilitation. These neurons had a high baseline paired-pulse ratio, presumably reflecting a low P r . The results are consistent with the expression of LTP by an increase in P r or by an increase in n provided that the new participating synapses had a high P r . We believe that the correlation between baseline paired-pulse success rate ratio and success rate change with LTP, together with the lack of change in potency with LTP in putative single release site recordings, suggest that the more likely mechanism for this form of LTP is an increase in P r at existing synapses.
A low P r at neonatal synapses has been suggested to contribute to the high incidence of "silent" synapses at this age (Gasparini et al., 2000) . An increase in P r with LTP may result from an increase in the size of the readily releasable pool of vesicles (Rosenmund and Stevens, 1996; Dobrunz and Stevens, 1997) , which has been shown to increase during maturation of hippocampal synapses in culture (Renger et al., 2001; Mozhayeve et al., 2002) . More recently, silent synapses in early development have been proposed to be attributable to a transient fusion pore mode of vesicle exocytosis, which limits the concentration of L-glutamate in the synaptic cleft to below that required for activation of low-affinity AMPA receptors (Choi et al., 2000; Renger et al., 2001 ). Furthermore, LTP induction causes a switch to a rapid and complete mode of vesicle exocytosis that releases sufficient L-glutamate to activate AMPA receptors (Choi et al., 2000) . Such an alteration in fusion pore kinetics could account for the increase in success rate observed with LTP P in the present study.
Presynaptic changes associated with LTP have been reported previously from antibody (Malgaroli et al., 1995; Antonova et al., 2001 ) and FM1-43 (Ryan et al., 1996; Zakharenko et al., 2001) labeling of synaptic vesicles in cultured hippocampal neurons and hippocampal slices. Recently, LTP has been shown to involve an increase in the probability of transmission at CA1 synapses by optical quantal analysis (Emptage et al., 2003) . However, investigations of presynaptic expression mechanisms using pairedpulse analysis have yielded mixed results. Most have reported no consistent change in PPR with LTP (McNaughton, 1982; Anwyl et al., 1989; Muller and Lynch, 1989; Zalutsky and Nicoll, 1990; Manabe et al., 1993; Christie and Abraham, 1994; Schulz et al., 1994; Asztely et al., 1996) , which is likely to be attributable to the maturity of the synapses studied. However, in two reports from adult CA1 neurons, PPR decreased with LTP (Kuhnt and Voronin, 1994; Kleschevnikov et al., 1996) . Alterations in PPR that were dependent on the initial PPR (Schulz et al., 1994; Kleschevnikov et al., 1996) and bidirectional changes that are likely to reflect the unsilencing of synapses (Poncer and Malinow, 2001) have also been observed.
An alternative expression mechanism for LTP P is an increase in n attributable to the insertion of AMPA receptors at silent synapses containing only NMDA receptors (Kullmann, 1994 , Isaac et al., 1995 , Liao et al., 1995 . Indeed, the unsilencing of silent synapses is most prominent early in hippocampal development (Durand et al., 1996; Liao and Malinow, 1996) . Although unsilencing can result from presynaptic modifications, immunocytochemical experiments have provided evidence that the synaptic activation of NMDA receptors can lead to the rapid insertion of native AMPA receptors (Lu et al., 2001 ) into silent synapses (Pickard et al., 2001 ). This mechanism of LTP expression has been proposed recently to reverse activity-dependent silencing of AMPA receptor signaling at immature CA1 synapses (Xiao et al., 2004) . N We proposed previously that the form of LTP that did not involve an increase in ␥ at P14 may be attributable to an increase in N, although we could not discount changes in P o . Molecular mechanisms exist for the rapid regulation of AMPA receptor surface expression (Malinow and Malenka, 2002) , and N is highly variable at hippocampal synapses (Nusser et al., 1998; Petralia et al., 1999; Takumi et al., 1999) . Furthermore, LTP has been shown to be associated with AMPA receptor insertion (Shi et al., 1999; Hayashi et al., 2000; Zhu et al., 2000; Lu et al., 2001; Pickard et al., 2001; Shi et al., 2001) . We therefore favor a change in receptor number as the more likely mechanism.
Molecular basis of LTP
LTP N at P6 is associated with an increase in potency, with little change in success rate or PPR, similar to its counterpart at P14. However, it displays one important difference: a small but significant decrease in ␥. The most plausible explanation is an increase in N but with a different subunit composition or phosphorylation state of the newly inserted receptors. It is known that there is a developmental change in the subunit composition of synaptic AMPA receptors, with a decrease in glutamate receptor subunit 4 (GluR4) expression (Zhu et al., 2000) and increase in GluR2 expression (Pickard et al., 2000; Zhu et al., 2000; Kumar et al., 2002) , and that high-frequency activity at cerebellar synapses can cause rapid AMPA receptor subunit rearrangement (Liu and Cull-Candy, 2000) . Alternatively, the newly inserted receptors may contain unphosphorylated GluR1, resulting in lower ␥ (Derkach et al., 1999).
Molecular basis of LTP␥
We proposed previously that LTP␥ may be attributable to Ca 2ϩ / calmodulin-dependent protein kinase II (CaMKII)-dependent phosphorylation of AMPA receptors that leads to these receptors spending more time in their high conductance states . In support of this hypothesis, LTP is associated with CaMKII-dependent phosphorylation of GluR1 (Barria et al., 1997; Lee et al., 2000) , which has been shown to increase the contribution of high conductance states (Derkach et al., 1999) . Furthermore, expression of active CaMKII in CA1 pyramidal cells leads to an increase in ␥ (Poncer et al., 2002) . Consistent with the restriction of this expression mechanism to more mature synapses is the finding that the CaMKII dependence of LTP only emerges between P10 and P17 (Yasuda et al., 2003) .
Conclusions
Many different mechanisms have been proposed to underlie the expression of LTP at CA1 synapses (Bliss and Collingridge, 1993; Malinow, 1994; Kullmann and Siegelbaum, 1995; Malenka and Nicoll, 1999) . In part, this may be attributable to differences in experimental conditions; for example, inducing LTP with a tetanus might evoke additional mechanisms to inducing LTP by pairing, because of the high-frequency activation of presynaptic fibers. However, the finding that multiple forms of LTP are observed under identical conditions over a short developmental period may explain some of the controversy. We propose a series of mechanisms for LTP expression in which LTP P is attributable to an increase in quantal content and is the most immature form of LTP. This is suggested from the significantly lower whole-cell capacitance of P6 neurons expressing LTP P . We suggest that LTP N is a developmentally intermediate form of LTP that may act to provide a larger pool of receptors that can subsequently be modified by other mechanisms and that LTP␥ is a relatively mature form of LTP. The different forms of LTP would provide a powerful and flexible mechanism for the activity-dependent construction of neuronal circuits during development. 
